Oncolytic (replication-competent) adenoviruses as anticancer agents provide new, promising tools to fight cancer. In support of a Phase I clinical trial, here we report safety data with INGN 007 (VRX-007), an oncolytic adenovirus with increased anti-tumor efficacy due to overexpression of the adenovirus-encoded ADP protein. Wild-type adenovirus type 5 (Ad5) and a replicationdefective version of Ad5 were also studied as controls. A parallel study investigating the biodistribution of these viruses is described elsewhere in this issue. The toxicology experiments were conducted in two species, the Syrian hamster, which is permissive for 
Introduction
Cancer is one of the leading causes of mortality worldwide. Although great advances have been made in the treatment of certain types of cancer, there is still a critical need for novel cancer therapies. A new treatment approach has been developed recently using viral vectors, among them vectors based on human adenovirus (Ad) serotype 5 (Ad5). Ad5 generally causes a mild respiratory illness in young children, resulting in life-long immunity. 1 A subset of these Ad5-based vectors, so-called oncolytic (replication-competent (RC)) Ad vectors, kills cancer cells as part of the natural Ad life cycle. [2] [3] [4] [5] Oncolytic Ads replicate in and lyse the infected cancer cell, and then release progeny virions in the process that are able to infect neighboring tumor cells. Numerous laboratories have developed such vectors and have tested them in vitro and in vivo, and several vectors have reached human clinical trials. Thus far, no dose-limiting toxicities were reported in any of these clinical trials. [6] [7] [8] [9] [10] [11] We have developed a family of replicating Ad vectors for the treatment of cancer. [12] [13] [14] [15] [16] [17] [18] [19] [20] In preparation for a Phase I clinical trial, we evaluated the safety and biodistribution of INGN 007 (VRX-007), one of our oncolytic Ad vectors. The data resulting from the safety study are presented below, whereas the results of the biodistribution experiments are discussed elsewhere. INGN 007 is a fully RC Ad vector with enhanced oncolytic capabilities due to overexpression of the Adenovirus Death Protein (ADP) (Figure 1b) . 13, 15, 16, [18] [19] [20] We have tested the safety of INGN 007 in two rodent species. The first model, the C57BL/6 mouse, is the animal traditionally used for assessing the safety of Ad vectors. [21] [22] [23] [24] [25] [26] This model allowed us to make comparisons with published data. However, because mice are poorly permissive for human Ads, we also have performed a safety study in a second species, the Syrian hamster (Mesocricetus auratus). Syrian hamsters are immunocompetent, permissive for the replication of Ad5, support tumors in which human Ads replicate and mimic human disease with replicating Ads. 18, 19, 27, 28 These features of the Syrian hamster model allowed us to assess all facets of the interactions of the vector and the host animal.
To our knowledge, this is the first published comprehensive safety study with an oncolytic Ad vector performed in both inadequately permissive and permissive species. A replication-defective (RD) Ad vector and wt Ad5 were used as controls in the experiments to further broaden the range of data generated and allow for comparisons among the three vectors/viruses. The results indicate that the safety profile of INGN 007 is very similar to that of wild-type (wt) Ad5 in the permissive Syrian hamster and that it is comparable to both Ad5 and the RD vector in the mouse model.
Materials and methods

Study location
The experiments using Syrian hamsters were carried out at Saint Louis University, whereas the mouse experiments were performed by the Southern Research Institute (Birmingham, AL).
Animals
Male and female golden Syrian hamsters were purchased from Harlan Sprague Dawley (Indianapolis, IN). The hamsters were 5-6 weeks of age and weighed 89-105 g (females) and 84-103 g (males) at the initiation of the experiment. Male and female C57BL/6N (C57BL/ 6NCrlBR) mice were received from Charles River Laboratories Inc. (Raleigh, NC). The mice were approximately 6 weeks of age and weighed between 14.9-24.3 g (males) and 12.6-19.8 g (females) at the initiation of the study. All husbandry conditions were maintained as described in the Guide for the Care and Use of Laboratory Animals (National Research Council, Institute of Laboratory Animal Resources, 1996). virus particles (vp) per ml in ca. 1 ml aliquots. Vectors and virus were propagated on HEK-293 cells. Particle titers were established by column chromatography, and the infectious titers were determined by 50% tissue culture infective dose assay on HEK-293 cells. The physical to infectious particle ratio is ca. six for all three virus stocks. The aliquots were stored at À80 1C and kept on ice during dose preparation; Ads are stable under these conditions. The vehicle consisted of an aqueous solution of 10 mM Tris-HCl pH 8.2, 10% glycerol. All viral dilutions were made in vehicle, kept on ice and used within 4 h following removal of the aliquot from the freezer.
Randomization and dosing
The week before dosing, animals were randomized by weight and assigned to one of six treatment groups. Each group consisted of 15 female and 15 male hamsters (Table 1) or 27 female and 27 male mice (Table 2) for the hamster and mouse experiments, respectively. On day 1, each animal received a single intravenous dose of the test article (INGN 007) at one of three dose levels, control article (Ad5 or AdCMVpA), or vehicle (see Tables 1 and 2 for the dose levels). Before dosing, hamsters were anesthetized with 45 mg ml À1 ketamine plus 5 mg ml À1 xylazine anesthetic cocktail. The dose volume was 200 ml injected through the jugular vein for all hamsters except for vehicle and AdCMVpA males, which received the articles in a 100 ml bolus. Mice were injected into the tail vein in a single 100 ml bolus, without anesthesia.
Data collection
The animals were checked daily for mortality, moribundity and for availability of food and water. Body weights were measured on specified days and before killing. At these times, animals were examined for clinical signs of toxicity. On days 2, 7 and 29, five female and five male hamsters or nine female and nine male mice were killed from each group. Necropsies were completed, select organs were weighed and a comprehensive panel of organs plus the injection site were fixed in 10% neutral- buffered formalin for histopathological evaluation. At necropsy, whole blood and serum samples were collected through cardiac puncture of all animals. In the case of hamsters, hematological, serum chemistry and electrolyte analyses were performed for each of the 10 animals killed at each time point. For mice, six animals were chosen for hematology, six for serum chemistry/electrolyte assay and three to assess coagulation parameters.
Histopathology
Histopathological analysis of the hamster samples was performed by Seventh Wave Pathology and Biotechnical Solutions, LLC (Chesterfield, MO); the mouse tissues were analyzed by the Southern Research Institute. All the collected tissues from animals in the vehicle control, highdose INGN 007, Ad5 and AdCMVpA groups were examined; based on the findings in these groups, potential target tissues were examined from low-and mid-dose groups of INGN 007-treated animals. Findings were 
Statistical analysis
Group means were calculated for body weight, absolute and relative organ weights and clinical pathology parameters. As the distribution of data did not satisfy requirements for parametric analysis, nonparametric tests were used. The Kruskal-Wallis test was used to detect overall treatment effect and the Mann-Whitney U-test was utilized to perform pairwise comparisons. In all cases, differences with Pp0.05 were considered significant.
Results
For simplicity's sake, findings other than in-life observations will be presented grouped according to the organ systems affected. Results obtained from hamsters will be shown first, followed by data generated with mice. The effect of the viruses/vectors on the examined organ systems is summarized in Tables 3 and 4 
Liver effects
In hamsters, INGN 007 and Ad5 caused more serious liver damage than did AdCMVpA, whereas in mice the injury caused by INGN 007 or Ad5 did not exceed that caused by AdCMVpA. Syrian hamster serum chemistry parameters and histopathology sections were analyzed to identify possible vector-induced toxicity. With hamsters, all three viruses at the high dose caused a similar drop in serum albumin levels at day 2 (Figure 2d) . At day 7, however, only Ad5 and the high dose of INGN 007 caused a significant elevation of serum transaminases (Figures 2a and b) , an increase in serum alkaline phosphatase levels ( Figure 2c ) and a significant decrease in serum albumin levels (Figure 2d ), indicating hepatocellular dysfunction. The extent of the changes was similar for animals treated with the high dose of INGN 007 or Histopathological examination of the liver of Ad5-or high-dose INGN 007-treated hamsters killed on day 7 revealed discrete necrotic foci that ranged in severity from mild to marked (Figures 3c and d) . These lesions were densely scattered throughout the parenchyma, preferentially localizing in periportal regions. The necrotic areas were infiltrated primarily by mononuclear cells. These lesions mostly resolved by day 29: only minimal to mild lesions were detected in male hamsters receiving Ad5 or high-dose INGN 007, and no lesions were seen in female hamsters (data not shown). No treatment-related lesions were observed with the mid-or low-dose INGN 007-or AdCMVpA-treated hamsters (Figure 3b ). Vector-induced toxicity in mice was investigated similarly to that in hamsters. Minimal increases in alanine aminotransferase and aspartate aminotransferase serum concentrations were observed for mice treated with Ad5 and AdCMVpA at days 2 and 7 (Figures 4a  and b) . No significant changes were detected in serum alkaline phosphatase levels (Figure 4c ). INGN 007-injected mice did not develop treatment-related elevation in serum transaminases; however, a minimal decrease of serum albumin levels was detected with Ad5-and high-dose INGN 007-treated animals at day 7 (Figure 4d) .
Histopathological examination of liver sections showed minimal individual cell necrosis with accompanying minimal to moderate chronic inflammation. Individual cell necrosis was more prominent in animals treated with AdCMVpA or Ad5, whereas chronic inflammation was more accentuated in animals treated with the high dose of INGN 007 (data not shown). Hematopoietic effects INGN 007 and Ad5 caused mild disruption of erythropoiesis in hamsters. At day 7, in hamsters, erythrocyte parameters showed a statistically significant decrease in the number of circulating erythrocytes with the Ad5-and the high-dose INGN 007-injected animals, which normalized by day 29 (Figures 5a-c) . The increase in the red cell distribution width values at day 29 may indicate a compensatory increase in erythropoiesis (Figure 5d) . Furthermore, degeneration/loss of cells was observed in the bone marrow of the high-dose INGN 007 group on day 7 (males only). These aberrations in erythrocyte parameters at day 7 and day 29 might indicate decreased bone marrow function resulting from the bone marrow degeneration observed at day 7. No similar changes were observed in mice.
Immune response
Adenoviruses induced distinct immune responses in hamsters and mice. Immune responses in both species were examined by determining blood leukocyte levels and investigating the development of anti-Ad antibodies. With hamsters, white blood cell counts were increased from the Ad5, AdCMVpA and high-dose INGN 007 groups on day 2, primarily due to increases in neutrophils (Figure 6a) . By day 7, lymphocyte ( Figure 6b) and monocyte (not shown) counts were also elevated in animals in the high-dose INGN 007 group and in the Ad5 group. Only a minimal increase in lymphocyte levels was seen with the AdCMVpA-and the low-and mid-dose INGN 007-injected hamsters. Splenic weights were increased in the AdCMVpA, Ad5 and high-dose INGN 007 groups on days 2 and 7, and marginally increased on Blood leukocyte levels changed differently with mice. There was no increase in granulocyte numbers (Figure 6c) , and a significant drop in lymphocyte numbers was observed at day 2 ( Figure 6d ). These numbers returned to normal by day 7, and they were marginally elevated by day 29 with the AdCMVpA-, Ad5-and highdose INGN 007-treated groups. At day 7, splenic weights were increased in mice in all these groups, and by day 29, the mice had mounted a humoral immune response (Figure 7) .
Interestingly, the immune response observed in the mice was dose-dependent, whereas the low, mid and highdose INGN 007 elicited similar response in hamsters (Figure 7) . In both species, Ad5 and AdCMVpA induced approximately the same level of humoral immune response as the high dose of INGN 007 (not shown).
Other organ systems
There were no treatment-related lesions detected with the following organs: brain, kidneys, urinary bladder, colon, pancreas, heart, skeletal muscle, lungs/bronchi, ovaries, testes, prostate, seminal vesicles, spleen, lymph nodes, thymus and adrenal glands.
Discussion
Replication-competent Ad vectors for cancer therapy have been developed by numerous laboratories. Although these vectors might have an advantage over RD Ad vectors, they also require more rigorous safety testing before they can be used in clinical trials. Here, we present the findings of two toxicological studies with INGN 007 that were performed in two rodent species, the mouse and the Syrian hamster, in preparation for a clinical trial. Based partially on the data presented here, the FDA granted permission to enter into a Phase I clinical trial with INGN 007.
As expected, in both species the liver was the primary target organ. The hepatocellular necrosis observed in both species is in agreement with data previously published with mice. 21 With mice, which are poorly permissive for the replication of human Ads, 29 toxicity results mainly from the input virus and possibly from the expression of viral genes. 30 This was verified in our experiments, as the toxicity of INGN 007 (and Ad5) matched that of the RD vector AdCMVpA in mice. At day 2, similar results were obtained with hamsters, with no difference seen between the RD and RC viruses. At day 7, however, in the permissive hamster model, AdCMVpA induced less damage than INGN 007 or Ad5. Therefore, we conclude that with hamsters, viral replication played a role in the extent of liver damage. As the dose levels in the two animal models differed, the severity of the lesions cannot be compared directly. The differences between the replication of Ads in the two species were borne out in the accompanying paper that describes the biodistribution of Ads in hamsters and mice. Although a large amount of infectious Ad5 and INGN 007 (but no AdCMVpA) was recovered from the liver of hamsters, no infectious Ads were detected in mice.
INGN 007 and Ad5 seemed to cause a defect in bone marrow functions in hamsters as evidenced by histopathological lesions and anomalous erythrocyte parameters. As all aberrations were in the minimal to mild range, the clinical relevance of this finding is unknown. Why these changes were not observed in mice is unknown. The fact that AdCMVpA-treated hamsters did not exhibit bone marrow-related pathology indicates that Ad replication or late gene expression is necessary to induce these lesions.
Further differences between the two species' response to Ad were observed in the immune response to the virus. With mice, a transient, dose-dependent lymphopenia was observed at day 2. This was described earlier for mice 25 and rhesus macaques 31, 32 infected with high doses of RD Ads. This phenomenon was not seen with hamsters; rather, a significant elevation in the neutrophil count was detected that persisted until day 7. At the beginning of the infection, this difference is more likely to be attributed to differences between the immune system of the two rodent species than to differences between Ad replication in these animals, as at day 2 the white blood cell counts of the RD AdCMVpA-infected hamsters were similar to those of hamsters infected with the same dose of Ad5 or INGN 007. By day 7, however, both neutrophil and lymphocyte counts were higher in the high-dose RC virus infected hamsters than in the AdCMVpA group, indicating that replication induced a stronger immune response. With mice, no such differences were seen; these animals reacted equally to RC and RD Ads.
Both species produced abundant antibodies to INGN 007. However, while a distinct dose-response was observed with mice (that is, higher doses of INGN 007 elicited a stronger immune response), with hamsters this was less apparent. One possible explanation for this is that virus replication in hamsters may have overcome the original differences in input virus amounts. Differences in the immune response to Ad5 and INGN 007 were not observed (not shown), despite the fact that INGN 007 lacks the immunomodulatory E3 genes. At this point, however, it is uncertain if any of the E3 proteins function properly in hamsters; further research is needed to elucidate this.
For the purposes of a clinical trial, we conclude that the No-Observable-Adverse-Effect-Level (NOAEL) in hamsters for INGN 007 is the mid dose (3 Â 10 10 vp per kg).
Figure 7
The humoral immune response is dependent on the input dose of RC Ads in mice but not in hamsters. Sera collected from mice and hamsters infected with increasing doses of INGN 007 were used as a primary antibody in indirect immunofluorescence assays against cultured human cells that were infected with Ad5.
All changes were reversed by day 29 with the possible exception of a slight increase in the severity of hepatic necrosis/inflammation in males from the high-dose INGN 007 group. Although there were changes in the AdCVMpA group that may have been associated with treatment, those effects were minimal and clearly distinct from changes that were present in the high-dose INGN 007 and Ad5 groups. The NOAEL in the mouse study was not established for INGN 007 because chronic inflammation was detected in the liver even in the lowdose INGN 007 group. Further, changes in the Ad5 group were often similar to those of the high-dose INGN 007 hamsters. As INGN 007 does not contain any genetic modification that would limit its replication to cancer cells per se, and it is made more lytic by the overexpression of ADP, it is noteworthy that the toxicity of the vector did not increase compared to wt Ad5. Ad5 causes a mild, self-resolving infection in most immunocompetent adults; therefore, we expect that INGN 007 would have a similar safety profile in human patients.
